In recent years, the availability of low-cost equipment capable of recording kinematic data during walking has facilitated the outdoor assessment of gait parameters, thus overcoming the limitations of three-dimensional instrumented gait analysis (3D-GA). The aim of this study is twofold: firstly, to investigate whether a single sensor on the lower trunk could provide valid spatio-temporal parameters in level walking in normal-weight and obese adolescents compared to instrumented gait analysis (GA); secondly, to investigate whether the inertial sensor is capable of capturing the spatio-temporal features of obese adolescent gait. These were assessed in 10 obese and 8 non-obese adolescents using both a single inertial sensor on the lower trunk and an optoelectronic system. The parameters obtained were not statistically different in either normal-weight or obese participants between the two methods. Obese adolescents walked with longer stance and double support phase compared to normalweight participants. The results showed that the inertial system is a valid means of evaluating spatio-temporal parameters in obese individuals.
Introduction
Level walking is a basic skill and the study of gait capacity is a key functional assessment in many conditions. Threedimensional instrumented gait analysis (3D-GA) provides comprehensive data on normal and pathological gait which are useful in clinical practice and research because it provides objective information about joint motion (kinematics), time-distance variables (spatio-temporal data), joint moments and powers (kinetics). It is widely acknowledged that 3D-GA provides crucial information for the determination of the level of functional limitation following a condition. Conventionally, the measurement of kinematics and kinetics of the main body segments and joints is performed by means of optoelectronic marker systems and force plates in specially designed gait laboratories. Optoelectronic-based movement analysis is considered accurate [21] , but its use in clinical practice may be limited by the availability of specific laboratories, costs and dependency on trained users [2, 31] . Another critical aspect is related to the positioning of markers on specific body landmarks, which may be difficult in subjects with excessive body fat accumulation.
Low-cost tools may contribute to the implementation of out-patient use of quantitative 3D-GA for clinical purposes. The limitations of measurements confined to laboratory settings can be overcome by recording kinematic data during walking from the total body movements measured with wireless inertial and magnetic devices. Small, lightweight sensor units entailing miniaturised accelerometers, gyroscopes and magnetometers have been extensively developed in recent years. Several studies have been carried out on healthy individuals to validate these systems and different algorithms for the computation of parameters [1, 23, 32] . The data obtained have been used as rehabilitation outcome measures in Parkinson's disease and other musculoskeletal-neurological disorders [8, 9, 13, 16, 18, [28] [29] [30] . A few studies have used multiple sensors, one for each body segment, and a protocol for gait analysis has been recently developed and applied to individuals suffering from cerebral palsy [6, 10, 31] . Multisensor protocols appear to provide useful data, but even information obtained from a single sensor may be beneficial for clinical purposes. A single, easy-to-wear sensor generally positioned on the lower back presents minimum encumbrance for patients in their habitual environments. Using specific algorithms, this simple method is capable of quantifying gait; the inverted pendulum model is used to evaluate step length and the use of appropriate filtering procedures to identify initial/final contact events within the gait cycle [14, 20] .
However, validating the accuracy of such simple devices in capturing gait outcomes would appear to be mandatory. Studies on healthy [2, 3, 11, 27] and pathological [4, 8, 15, 17, 18] adult subjects have revealed that most gait spatio-temporal parameters can be appropriately assessed. Very few studies on inertial sensor applications for the measurement of gait parameters limited to normalweight subjects [24, 25] and Duchenne muscular dystrophy [19] have been published for children. No studies on obese individuals have been published to date. From a clinical point of view, a simple and valid method for quantifying gait strategy in these subjects is essential. Traditional gait analysis relies on accurate marker positioning, which has been shown to be difficult in obese individuals [31] . Traditional gait analysis also requires that the patient wear minimal clothing, which has been shown to cause anxiety in obese individuals [31] . However, the use of inertial sensors to measure gait parameters does not require marker placement or minimal clothing, thus overcoming the typical limitations of measurements in laboratory settings.
Thus, the aim of this study is to validate spatio-temporal parameter estimates in level walking with a single sensor on the lower trunk in obese adolescents. The measurements obtained with this device were compared with the corresponding ones obtained by instrumented 3D-GA. , height: 1.65 ± 0.10 m; weight: 51.37 ± 11.21 kg). Exclusion criteria for the obese subjects were musculoskeletal, neuromuscular and/or cardiopulmonary conditions other than obesity that would hinder mobility capacity or contraindicate an integrated weight-management program. Obese subjects were recruited from in-patients admitted for an integrated bodyweight reduction program at the Division of Auxology, Istituto Auxologico Italiano, Piancavallo (VB). They were not involved in regular physical activities before hospitalization (< 1-2 h/week). None of them suffered from diabetes and hypertension, pain, headaches, balance disorders and/ or any other symptoms hampering the execution of the tests.
Materials and methods

Participants
Exclusion criteria for the Control Group included a prior history of cardiovascular, neurological or musculoskeletal disorders. They showed normal flexibility and muscle strength and no obvious gait abnormalities.
The study was approved by the Ethics Research Committee of IRCCS Istituto Auxologico Italiano, Piancavallo (VB), Italy. Written informed consent was obtained from the participants' parents.
Equipment
Spatio-temporal gait parameters were assessed using both an inertial sensor and an optoelectronic system with passive markers according to the standard instrumented 3D-GA.
The single inertial sensor, a validated [2] wireless inertial sensing device (GSensor, BTS Bioengineering S.p.A., Milano, Italy), was attached using a semi-elastic belt at the lower lumbar level (centred on the L4-L5 intervertebral space; Figure 1 ) of the participants and provides accelerations along three orthogonal axes: antero-posterior, medio-lateral and supero-inferior. Acceleration data were transmitted via Bluetooth to a PC and processed using the dedicated BTS G-STUDIO version 2.6.12.0 software (BTS Bioengineering S.p.A., Milano, Italy). From the acceleration signals, the typical spatiotemporal gait parameters are automatically obtained using the dedicated BTS G-STUDIO version 2.6.12.0 software. In particular, forward acceleration was found to be the most meaningful signal and the parameters were computed on the basis of the literature [12] . For step detection, the onset of the support phase was determined from the forward acceleration signal. Along the line of progression, the basic pattern of pelvic acceleration corresponds to a pattern predicted by an inverted pendulum model. After low-pass filtering the acceleration signal in the walking direction with a cut-off frequency equal to step frequency, the remaining signal showed a basic pattern of acceleration after mid-stance and deceleration after foot contact. The peak forward acceleration preceding the change of sign was chosen as the initial foot contact (Figure 2 ). For the calculation of walking distance, step length can be estimated based on the amplitude of vertical pelvic displacement and leg length using a simple inverted pendulum model of walking. Changes in vertical position were calculated by double integration of the superior-inferior acceleration signal. After high-pass filtering to correct for integration drift (4-th order zero-lag Butterworth filter at 0.1 Hz), the amplitude of changes in vertical position was determined as the difference between the highest and lowest position during a step cycle. Subsequent step lengths were then calculated as (eq. 1) 2 step length 2 2lh h = −
with "l" being the individual leg length and 'h' being the amplitude of vertical displacement during a step cycle. Walking distance (from start to stop of the data collection) was estimated by multiplying mean step length over a certain duration by the number of steps. Velocity was computed as the ratio between walking distance and duration. From the 3-axial gyroscopic signals, the kinematics of the pelvis in the sagittal, frontal and transversal planes are described [11] . Gyroscopic signals were also acquired during this study, but they are not included in the present analysis and are not discussed in this paper, because the aim was to validate spatio-temporal parameter estimates in level walking with a single sensor on the lower trunk in healthy and obese adolescents. The system was validated using an optoelectronic system with six cameras (VICON, Oxford Metrics Ltd., Oxford, UK) and two force platforms (Kistler, Einterthur, CH). After a number of anthropometric measurements had been collected, passive markers were placed at special points of reference directly on the subject's skin, as described by Davis [7] . Starting from the 3D coordinates of the three markers fixed with each segment (pelvis, thigh, leg and foot), a rigid frame was computed; the Euler angles between two frames are the flex-extension, abdo-adduction and intra-extra rotation of principal joints [7] . Marker position data are also the basis of stride and temporal parameters, such as walking speed, step length, stride length, cadence and so on.
Each subject was fitted with the passive markers and an inertial sensor. The data were thus acquired simultaneously by 3D-GA and inertial sensors. After placement of the markers, the participants completed two or more practice trials across the plate walkway to ensure that they were comfortable with the experimental procedure. After familiarization, the participants were asked to stand up and remain in an upright posture for a few seconds to calibrate sensors and then to walk barefoot at their own natural pace along a 10-m walkway with embedded force platforms at the mid-point. At least five steps for each trial were acquired.
After each track, the participants paused for a few seconds before turning around, paused again and started the new track. This exercise was repeated in order to acquire 10 valid trials for each participant. A trial was considered valid when the following criteria were met: (1) a natural walk at a participant's normal walking pace and (2) a whole foot was measured on the plate. In this way, a total of 100 trials for obese adolescents and 80 trials for non-obese adolescents were collected and analysed.
Data processing
As previously reported, the first and last steps obtained by the inertial sensor were removed so as to obtain three gait cycles for each side. For 3D-GA data, the first heel strike event for each foot was taken from the force platform, the previous and the following corresponding events from the comparison of that kinematic configuration (foot position, hip/knee/ankle flexion angles, etc.) over the 3D-GA results across the entire data collected. From these events, three full gait cycles for each side were analysed and they were the same as those measured with the inertial sensor.
From the data obtained by the inertial sensor and with 3D-GA, the following spatio-temporal parameters were computed and analysed: -Stride length (m), the distance between two consecutive heelstrikes of the same foot; -Stride duration (s), the time between two consecutive heelstrikes of the same foot; -Stance duration (%), the foot support phase, i.e. from heel strike to toe off of the same foot, duration as percentage of gait cycle; -Double support duration (%), the duration of the phase of support on both feet as percentage of gait cycle; -Mean velocity (m/s), average instantaneous speed within the gait cycle; from 3D-GA, the velocity is computed as the ratio between stride length and stride time; -Cadence (step/min), the number of steps in a minute;
Statistical analysis
All the previous parameters were computed for each participant. Kolmogorov-Smirnov tests were used to verify whether parameters were normally distributed; the parameters were not normally distributed and non-parametric analysis was thus used. The median and quartile range values of all the parameters were calculated beforehand for each subject and then for the Control Group and for the Obese Group. The measurements obtained by the inertial system and those obtained by 3D-GA were compared using the Wilcoxon test; obese and non-obese data were compared using the Mann-Whitney U-tests in order to detect significant differences. The research for correlation between 3D-GA and inertial system data in the two groups studied was performed using Spearman's rank-order correlation. In order to evaluate the level of agreement between the two methods, a Bland-Altman plot was performed for both healthy and obese adolescents. The level of significance was set at p = 0.0083 (0.05/6) after a Bonferroni adjustment for multiple comparisons. Table 1 shows the results of the spatio-temporal parameters obtained with the inertial sensor and 3D-GA for the normal-weight and obese adolescents.
Results
Firstly, data computed both by 3D-GA and by the inertial sensor were compared, in order to validate the inertial system using instrumented 3D-GA. Data showed that all spatio-temporal parameter values in both normal-weight adolescents and obese participants were not statistically different between the two devices (p > 0.05).
We then compared normal-weight and obese adolescents' data in terms of 3D-GA and of inertial system parameters. 3D-GA data showed that obese adolescents walked with longer stance and double support phase as compared with normal-weight participants. These results are in line with previous literature on obese adolescents [5, 22] . The data obtained from the inertial sensors displayed the same results.
The p-values obtained from statistical analysis are displayed in Table 2 . Table 3 shows the results obtained after correlation research in the two groups studied. Both groups showed significant and good correlations for all parameters considered from a statistical viewpoint between data obtained by 3D-GA and the inertial system, respectively (p < 0.05). This means that increases or decreases in data obtained by 3D-GA in general predict the same directional change as the data obtained with the inertial system. Table 1 : Parameters (median and quartile range) obtained from instrumented 3D gait analysis (3D-GA) and the inertial system for the two groups studied.
Control group
Obese group 3D-GA data Inertial system data 3D-GA data Inertial system data Stride length (m) Figures 3 and 4 show the Bland-Altman plots for normal-weight and obese participants. It is a scatter plot of the mean of inertial system and instrumented 3D-GA plotted against the difference between the two methods. This plot provides a visual representation of the level of correlation and in particular, the difference in all the spatio-temporal parameters considered in this analysis determined by both systems. The horizontal line represents the mean of the differences while the dotted lines (computed as the mean of the difference plus or minus 1.96 times its SD) represent the interval of confidence.
The average of the differences allows us to estimate whether one of the two methods underestimated or overestimated the volume measure more than the other. Where Table 3 : Results of correlation research (r-value) between instrumented gait analysis (GA) and inertial system data for the two groups studied. the points on the graph are between the two lines the two methods provide consistent results. The Bland-Altman graphic analysis showed good overall correlation between the two systems.
Discussion
In order to test whether a wireless inertial system is capable of identifying standard gait spatio-temporal parameters during level walking in normal-weight and obese adolescents, the participants' walking abilities were analysed simultaneously with inertial sensors and 3D-GA and the spatio-temporal parameters were compared. No statistical differences were found between the two systems in terms of all the spatio-temporal parameters analysed. These results confirmed the results of previous studies carried out on healthy adult individuals [2] .
In addition, comparison of the parameters between normal-weight and obese individuals both with inertial sensors and instrumented 3D-GA showed that stance phase and double support duration were longer in the Obese Group than in the Control Group. These data suggest that the inertial system is capable of detecting differences between the two groups in accordance with 3D-GA output and in line with the literature [5, 22] .
These results show that the inertial system used in the present study is to be considered a good means of evaluating spatio-temporal parameters in obese individuals. These results are very important from a rehabilitation point of view. Monitoring gait parameters using a single sensor placed on the trunk is a very simple testing system, which may be useful in the clinical setting. It allows for in-and outdoor patient evaluation thus overcoming the limitations of gait analysis in laboratory settings and -not of secondary importance -without undressing patients for marker placement, which is frequently a psychological barrier for these individuals. In addition, sensor placement is very easy and quick and, unlike 3D-GA, expert operators are not required.
One of the limitations of this study is that only spatio-temporal parameters were measured although 3D kinematics were available. However, among relevant measurements, spatio-temporal parameters are widely used by clinicians for gait characterisation in obese individuals. They quantify the main gait events and therefore reflect patients' ability to fulfil the general gait requirements, i.e. weight acceptance, single-limb support and swing limb advancement [26] . An asymmetric gait, a prolonged stance or double stance phases and a reduction in the speed of progression are all relevant parameters for the diagnosis of pathological gait and the assessment of functional outcome after treatment. Further 3D pelvis kinematics research, not studied in this paper, should be carried out. The single sensor system can be considered to be a valid means for a preliminary, quick, easy and lowcost evaluation of gait variables even outdoors. This may be useful in clinical settings thus overcoming the limitations of gait analysis in laboratory settings.
For a more in-depth assessment of gait strategy in a clinical setting and for the purposes of clinical decisionmaking, this system cannot replace gait laboratories based on optoelectronic systems. However, outpatient rehabilitation facilities could definitely benefit from the information obtained by a single sensor, which provides low-cost quantitative gait parameters, which interfere minimally with a subject's habitual tasks outside the laboratory too.
A possible bias of the study is its relatively small sample size, which limits the validity of its clinical and statistical findings. Further studies should be conducted on a larger number of participants, both healthy and obese. With a larger participant sample the effects of different BMIs on inertial sensor outputs might also be able to be studied in depth. In addition, as one of the outputs of inertial sensor is pelvic kinematics, further investigations could be designed to validate the system in terms of pelvic position assessment, which was not investigated in this study.
